Objective: To analyze the phenotype in a 5-generation DFNA13 family with a missense mutation in the COL11A2 gene that causes autosomal dominant, presumably prelingual, nonsyndromic sensorineural hearing impairment.
G
ENETIC linkage techniques have facilitated the identification of genes essential for normal auditory function. The initial step in this process is the localization of these genes using classic linkage techniques; since 1992, 38 loci for autosomal dominant nonsyndromic sensorineural hearing loss have been mapped, and 11 of the relevant genes have been cloned. The different gene loci for the nonsyndromic forms of hearing impairment have been called DFN (DeaFNess) and are numbered in chronological order of discovery. Autosomal dominant loci are referred to as DFNA, autosomal recessive as DFNB, and X-linked as DFN. An update of these genetic data can be obtained by consulting the Hereditary Hearing Loss Homepage. 1 The identification of these genes, in turn, has prompted studies to determine whether phenotypic-genotypic correlations exist. It is well known that different mutations in the same gene can produce a broad spectrum of phenotypes. 2 For example, mutations in the myosin VIIA gene (MYO7A) cause Usher syndrome type 1B, 3 
DFNB2
, 4, 5 and DFNA11, 6 and mutations in the Pendred syndrome gene (PDS) cause Pendred syndrome 7 and DFNB4. 8 Mutations in the COL11A2 gene also cause syndromic and nonsyndromic hearing loss.
Two DFNA13 kindreds, one American 9 and the other Dutch, recently were shown to have missense mutations in the COL11A2 gene. 10 The COL11A2 gene encodes the ␣ 2 (XI) chain of type XI collagen. Type XI collagen is a minor fibrillar component of cartilage collagen. Mice with a targeted disruption of the col11a2 gene have hearing loss and, by electron microscopy, loss of organization of the collagen fibrils in the tectorial membrane. 10 A mutation in the COL11A2 gene was also identified as the cause of hearing impairment in persons with Stickler syndrome type 2 (STL2). 11, 12 This autosomal dominant syndrome is characterized by hearing impairment, midface hypoplasia, and arthropathy, but in contrast to the clas-ORIGINAL ARTICLE sic form of Stickler syndrome, there is no ocular involvement, reflecting absence of COL11A2 gene expression in the vitreous. 13 Hearing loss in patients with STL2 is reported mostly mild to moderate, sensorineural or mixed. 11, 14, 15 An autosomal recessive syndrome, otospondylomegaepiphyseal dysplasia, which includes otospondylofacial dysplasia, bone dysplasia, midface hypoplasia, and deafness, also can be caused by COL11A2 gene mutations. 12, 16 To establish whether phenotypic-genotypic correlations exist, it is imperative to describe phenotypes, based on their genotypes, as thoroughly as possible. We present herein a detailed analysis of the clinical data of the American DFNA13 family, and relate these phenotype findings to the other COL11A2-linked disorders.
RESULTS
All 20 persons examined and known to carry the COL11A2 gene mutation showed sensorineural hearing impairment (Figure 2A-T) . The individuals are given in ascending order of age at the last visit. Classification of audiometric configuration was based on the original data (ie, without presbyacusis correction). Of the 40 ears, 17 showed a U-shaped audiogram (Figure 2A, B 
PATIENTS AND METHODS
An American family spanning 5 generations and comprising 67 members alive (Figure 1 ) 10 showed autosomal dominant sensorineural hearing impairment, presumably affecting 38 persons (15 by history). Forty persons underwent general and otorhinolaryngological examinations, including audiometry. Individual V-13 was excluded from the study because the reliability of the hearing test was questioned. Genetic linkage analysis was performed and the hearing loss segregated with markers on chromosome 6p21-p22; this locus was designated DFNA13. 9 Recently, a missense mutation in the COL11A2 gene was reported in this family. 10 Two phenocopies (individuals III-8 and III-17) were identified. They had hearing loss confirmed by audiograms, but lacked the gene mutation; their audiograms could not be distinguished from those in the mutation carriers.
The present analysis of the hearing phenotype includes only those persons carrying the COL11A2 gene missense mutation from whom at least one audiogram had been obtained (n=20). Corrections were made for presbyacusis by subtracting the ISO 7029 median norm (50th percentile [P50]) threshold for presbyacusis 17 from each person's threshold, according to that person's age and sex. For persons older than 70 years, the P50 values for age 70 years (the maximum age for which normative data are available) were used. Audiograms (air conduction threshold, in decibels, hearing level) were recorded in a sound-shielded room following common clinical standards.
Audiometric configuration was classified according to the criteria formulated by the European Work Group on Genetics of Hearing Impairment. 18 Midfrequency hearing impairment (a U-shaped audiogram) is defined as follows: a 15-dB difference or greater between the poorest thresholds in the midfrequencies (Ͼ0.5 to 2 kHz) and those at higher and lower frequencies. The low-frequency ascending pattern is defined as a difference of 15 dB or greater between the thresholds at the poorer low frequencies and the higher frequencies. A flat audiogram is defined as a difference of less than 15 dB from 0.25 to 8 kHz. High-frequency hearing impairment is subdivided into gently and steeply sloping configurations. The former type is defined as a 15-to 29-dB difference between the mean of 0.5 and 1 kHz and the mean of 4 and 8 kHz, while the latter implies a 30-dB difference or greater between the described frequencies.
One-way analysis of variance and regression analyses were performed on cross-sectional threshold-on-age data (last-visit audiogram) using a commercial program (Prism, PC version 2.01; GraphPad, San Diego, Calif ). To evaluate whether significant progression (slope Ͼ0) occurred, linear regression analysis was performed using only the raw threshold-on-age data in generations IV and V (age range, 11-48 years); the affected persons in generation III (age range, 67-75 years) were substantially older. By excluding generation III, the potentially confounding effects of presbyacusis were avoided. All threshold-on-age data were used in an attempt to fit parabolic curves, similar to the fits on which the ISO 7029 norms 17 are based:
, where Y is the binaural mean air conduction threshold (measured in decibels), X is age (in years), and a is acceleration of hearing deterioration (measured as decibels times years negatively squared). Chauvenet criterion was used to detect any outlying values, ie, data points pertaining to excessively large regression residues. 19 We also determined whether each ISO 7029 value for a 17 was within the calculated 95% confidence interval for a (t distribution).
Other audiometric types included a flat configuration in 6 ears ( Figure 2L and D and I [right ear]), although the configuration was gently downsloping, the degree of slope did not meet the classification criterion. In some persons (ie, the oldest patients), presbyacusis correction changed the audiometric configuration. In Figure 2Q -S, the audiogram could no longer be classified. In Figure 2R , the audiometric curve was similar to those seen in Figure 2O (right ear) and P (right and left ears), but with a dip at 2 kHz. After correction for presbyacusis, Figure 2T fits the description of a low-frequency ascending curve.
While the audiometric configuration was variable, the predominant type was identified as U-shaped (42.5% [17 of 40 ears]), even including data corrected for presbyacusis. The "mean audiogram" also showed a U-shaped configuration ( Figure 3) ; the thresholds at 0.25 to 4 kHz dif- fered significantly from the one at 0 kHz. The mean thresholds at 0.25, 0.5, and 8 kHz appeared fairly similar (mean, about 29 dB) and so did the mean thresholds at the frequencies from 1 to 4 kHz (mean, about 44 dB). Thus, the difference between these grouped frequencies (15 dB) complied with the definition of a U-shaped configuration. These (raw) data (Figure 3 ) cover only generations IV and V to avoid any major influence of presbyacusis.
Analysis of variance disclosed significant intragenerational and thus age-related differences in threshold (raw data) for a given frequency (data not shown). Linear regression analysis was performed on the raw thresholdon-age data in the combined generations IV and V. Only the 0.5-kHz frequency showed mild, but significant, progression (0.3 dB/y), which vanished following presbyacusis correction (data not shown).
The age-corrected threshold shows ascending characteristics in generation III ( Figure 2Q-T) , which would have been even stronger if we had been able to use appropriate P50 values for the persons older than 70 years ( Figure 2R-T) . We attempted to circumvent this limitation by fitting ISO 7029 presbyacusis parabolas to the threshold data, as described in the "Patients and Methods" section ( Figure 4A-F) . The fitted offset values were included in the parabolic fit according to the usual median (P50) presbyacusis norms. The curves thus obtained were used to compare the apparent age-related progression with the expected progression in presbyacusis.
The threshold data ( Figure 4 ) behave similar to presbyacusis in the midfrequency range (1-2 kHz). At 0.25 kHz, the ISO 7029 acceleration coefficient a (0.0030 dB·y −2 for men and women) is below the lower limit of the 95% confidence interval of the fitted value (0.0093 dB·y −2 ; 95% confidence limits, 0.0056-0.0130 dB·y −2 ). The same applies to the values at 0.5 kHz (ISO 7029 value, 0.0035 dB · y −2 ; fitted value, 0.0075 dB · y −2 ; 95% confidence limits, 0.0046-0.0100 dB·y −2 ). At an age relating to generation III, the difference is maximal (Figure 4A-B) . The thresholds at 4 and 8 kHz show accelerations that are fairly close to those in normal women ( Figure 4E -F, generation III), although there were more men (n=14) than women (n=6) in our series.
COMMENT
The DFNA13 locus originally was mapped to chromosome 6p using a portion of this American family. 9 Expansion of the pedigree permitted locus refinement and eventually the demonstration of a missense mutation in the COL11A2 gene that segregated with the hearing loss phenotype. 10 The mutation, a C-to-T transition in exon 42, results in an arginine-to-cysteine substitution. The hearing loss may be caused by altered type II collagen spacing in the tectorial membrane, as suggested by histopathological and electron microscopic findings in mice with a col11a2 gene mutation. 10 The phenotypic characteristics of the family have been described only briefly, 10 and the results of this study complement that description in detail. The sensorineural hearing impairment segregating in this family is autosomal dominant, presumably prelingual, and nonprogressive, and it affects the midfrequency range. Our presumption that it is prelingual is based on its lack of progression and our finding of a mean threshold in the younger generations that differs significantly from 0. 
